Tick-borne encephalitis (TBE) is caused by a virus that belongs to the Flaviviridae family and is transmitted by tick bites. The disease has a biphasic course. Diagnosis is based on laboratory examinations because of non-specific clinical features, which usually entails the detection of specific IgM antibodies in either blood or cerebrospinal fluid that appear in the second phase of the disease. Neurological symptoms, time course of the disease, and imaging findings are multifaceted. During the second phase of the disease, after the onset of neurological symptoms, magnetic resonance imaging (MRI) abnormalities are observed in a limited number of cases. However, imaging features may aid in predicting the prognosis of the disease.
Overview
Tick-borne encephalitis (TBE) is a viral infection that affects primarily the central nervous system (CNS), and is caused by the TBE virus (TBEV) of the Flaviviridae family. The vectors of TBE are infected ticks; in Europe, mainly Ixodes ricinus [1, 2] . The disease has two distinct stages. The first phase manifests itself after an incubation period of 2-28 days from the tick bite with non-specific, flu-like symptoms, and usually lasts 1-9 days [3, 4] . Subsequently, after an asymptomatic period, in approximately 1/3 of patients, the second phase is observed, and is characterized by meningitis, encephalitis, meningoencephalitis, myelitis, and/or polyradiculitis. Most patients with TBE have mild symptoms and experience complete remission, but 1-2% of cases can have a fatal outcome [5] . Additionally, some authors describe persistent post-encephalitic symptoms, such as neuropsychiatric complaints (e.g. reduced stress tolerance, impaired memory), balance disorders, headache, dysphasia, hearing defects, and spinal paralysis [6] [7] [8] [9] [10] . Over the last two decades, there has been an increase in the incidence of TBE, which can be connected to the increase in TBE incidence in endemic regions as well as spreading of the virus into new areas (Austria, Switzerland, Slovakia, Finland, Russia) [11] [12] [13] . In Poland, the region with the highest occurrence is the Podlaskie Voivodeship, where 46% of all TBE cases are reported [6] .
The method of choice for diagnosing TBE infection is by detecting TBEV-specific IgM and IgG antibodies in serum by enzyme-linked immunosorbent assay (ELISA). Additionally, cerebrospinal fluid (CSF) can be examined for the presence of TBEV-specific antibodies [14] . On post-mortem examinations (RT-PCR) of brain tissue samples from fatal TBE cases, we can observe accumulation of virus particles predominantly in the cerebral and cerebellar cortex, basal ganglia, thalamus, substantia nigra, pons, medulla oblongata, and the spinal cord [15] . The changes can be also detected with routine diagnostic methods such as computed tomography (CT) and magnetic resonance imaging (MRI). Advanced techniques have been increasingly used to study TBE. MR spectroscopy with proton spectroscopic MRI shows promising results in typical areas that are not characterized by any morphological changes. Importantly,
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there is no causal treatment for TBE, and only symptomatic treatment of life-threatening symptoms, such as cerebral edema, is available.
Computed Tomography
CT has a limited utility in the diagnosis of TBE with a lower sensitivity than MRI, which is mainly due to improper delineation of involved areas, leading to underestimation of the extent of encephalitis [16] . Typical TBE changes include hypodense regions mainly in the basal ganglia and the thalamus. There are only few articles that document CT characteristics of pathological lesions in TBE. Horger et al. described a case of a 66-year-old man after a tick bite. On axial unenhanced CT images, low density regions were seen in the left putaminal and pallidal nuclei, and internal and external capsules [16] . In a case report of a 21-yearold male with confirmed TBE (Marjelund et al.) , CT scans revealed a slight hypodense line in the left thalamus [17] . Waldvogel et al. reported a case of a 5-year-old girl, not vaccinated against TBEV and with a history of a tick bite, in whom CT, performed 4 days after the onset of symptoms, showed a hypodense, non-enhancing lesion within the right thalamus [18] .
Magnetic Resonance Imaging
MRI shows only 20% of pathological lesions in the acute phase of the disease [19] . MRI is the preferred imaging method and supports the diagnosis of TBE. Maximal inflammatory changes around the tenth day correlate with optimal detectability of IgM and IgG antibodies in CSF [14] , which suggests an optimal time for MRI examinations. As mentioned earlier, the virus shows a particular predilection to the basal ganglia and the thalamus [20] . Marjelund et al. reported MRI findings in 3 patients with severe TBE. In the aforementioned article, in one patient, T2-weighted and fluid-attenuated inversion recovery (FLAIR) images revealed increased signal intensity on the left side within the thalamus, putamen, and internal capsule. In another patient, it showed bilateral changes in the hypothalamus, cerebral peduncles, and pons. The same lesions were found in the last patient in both thalami. There was only one patient in whom T1-weighted gadolinium-enhanced images showed pathological lesions around the cerebral peduncles (on follow-up MRI, signal abnormalities were not seen in any patient) [17] . In the study by Kaiser, which involved 102 patients with a diagnosis of TBE, 18 patients had pathological changes on MRI, of whom 15 had pathological changes limited to the thalamus, and in the remaining 3 patients, lesions where found in the cerebellum, brainstem, and caudate nucleus [7] . Lorenzl et al., presented a case of a 38-year-old woman with bilateral lesions in the thalamus, cerebral peduncles, and the left caudate nucleus without contrast enhancement [21] . Valdueza et al., reported of a TBE case with hyperintense bilateral lesions in the thalamus, left stratium, insular cortex, tegmental mesencephalic area, pons, left inferior olive; these lesions showed a discrete gadolinium enhancement on follow-up MRI after 12 weeks [22] . Waldvogel et al. observed hyperintense lesions bilaterally in the thalamus, lentiform nucleus, and caudate nucleus on T2-weighted images. In that report, T1-weighted images also showed enhancement within the lateral posterior nucleus of the right thalamus following gadolinium administration, indicating disruption of the blood-brain barrier in this region; follow-up MRI performed after 3 months showed full recovery [18] . Pfister et al. described a case of a 55-yearold patient with severe TBE. In that case, MRI revealed regions of hyperintense signal bilateral in the thalami and in the left putamen [23] . Alkadhi et al. reported a case of TBE in a 52-year-old woman, who had pronounced bilateral hyperintense lesions in the thalamus, putamen, pallidum, and caudate nucleus on T2-weighted images, with no gadolinium enhancement on T1-weighted images; CT scans showed no pathological changes [24] . A patient described by Vollman et al. had a single hyperintense lesion on T2-weighted and diffusion weighted imaging (DWI) in the splenium of the corpus callosum, with a signal reduction of the apparent diffusion coefficient (ADC); on follow-up MRI, no pathological changes were observed [25] . Horgel et al. described 12 cases of TBE with pathological lesions. Contrast-enhanced T1-weighted images showed meningeal enhancement in the left precentral gyrus, geniculate ganglion, and tympanic segment of the left facial nerve. In other cases, contrast enhancement was seen in the cerebellar folia and peduncles. FLAIR images showed hyperintense lesions in the parietal gray-white matter junction, peritrigonal white matter in the thalami, basal ganglia, hippocampi, and vermian folia; T2-weighted images of the spinal cord showed hyperintense lesions in the anterior and posterior horns of the spinal cord. Horgel et al. also described a case of a 9-month-old boy with TBE. In that case, T2-weighted images showed a hyperintense lesion in the left putamen, and single-voxel 1 H-MR spectroscopy revealed altered metabolite spectral peaks at 0.5-1.5 ppm, which represent the superposition of lactate and alanine doublets; according to the authors, this could represent end products of microorganisms [16] . Grimm et al. described a TBE case in a 46-year-old patient with pathological hyperintense lesions in the splenium of the corpus callosum on T1-contrast-enhanced and T2/FLAIR images, with distinct diffusion-restriction and low ADC values on DWI; followup MRI, performed 10 days after the initial scan, showed full regression of the changes [26] . Figures 1 and 2 demonstrate typical morphological changes in the CNS during TBEV infection.
The TBEV has a special affinity to the gray matter including the anterior horn cells of the spinal cord, and in about 10% of TBE cases, patients develop myeloradiculitic symptoms with progressive flaccid weakness of the limbs and trunk [7, 27] . However, only a small number of articles document lesions in the spinal cord. Stich et al. described a case of 43-year-old male with progressive tetraparesis without any sensory deficits. On initial MRI, T2-weighted images showed a hyperintense line in the anterior part of the cervical cord, involving the anterior horns from C3 to T1; no gadolinium-enhancement was detected. Follow-up MRI of the spinal cord, performed 2 weeks later, showed no pathological changes in the same area, suggesting a history of previous inflammation [28] . These findings correspond with other reports. Beer et al. also documented hyperintense, isolated anterior horn lesions on T2-weighted images from C3 to T1 that resolved on follow-up imaging after 6 weeks [29] . A rare case of TBE involving the brainstem and 
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spinal cord was documented by Bender et al. The authors described a case of a 29-year-old male after a tick bite. Initial head MRI, performed on day 6 since admission, showed typical T2-hyperintense abnormalities bilaterally in the thalamus and basal ganglia. On day 14, the patient developed flaccid tetraparesis, and spinal MRI on day 21 showed increased signal on T2-weighted and T1-weighted contrast-enhanced images within the anterior part of the cervical cord [30] . In another report, Marjelund et al. described a case of a patient with TBE, in whom the initial brain and spine MRI was normal, but two weeks after admission, repeat MRI showed an enhancement within the anterior nerve roots at the level of conus medullaris on T1-weighted images after gadolinium administration [31] . Pfefferkorn et al. described a case of TBE with polyradiculitis, in whom T1-weighted gadolinium contrast-enhanced MRI of the lumbar spine, performed 2 weeks after admission, showed marked contrast enhancement of all lumbar roots [32] .
Few reports document MRI findings in children with TBE. Schmolck et al. described 19 pediatric patients with TBE, of whom 4 underwent MRI in the acute phase of the disease. One child had a hyperintense unilateral lesion in the right cerebral peduncle on T2-weighted images. Another child had a similar lesion in the right thalamus. Yet another child had bilateral lesions in the thalami, extending anteriorly to the right head of the caudate nucleus and involving the left cerebral peduncle. In that case, follow-up MRI, performed after 5 months, revealed a persistent lesion in the left thalamus. The remaining child had normal MRI [33] . In another report, a 6-week-old infant with tick-borne meningoencephalitis had cortico-subcortical hyperintensities on T2-weigted images and contrast enhancement in both frontal lobes as well as discrete leptomeningeal enhancement [34] . Jones et al., documented a TBE case with edematous cortical and subcortical changes in the left occipitoparietal lobe on T2-weighted images and with contrast enhancement over the left temporal lobe [35] .
Of all the TBE cases mentioned in Table 1 , the most commonly affected brain region is the thalamus. The most common sequences that revealed pathological lesions are T2-weighted and FLAIR images, although some authors mention that contrast-enhanced T1-weighted images may reveal more morphological changes in the CNS.
Nuclear Medicine Imaging
Günther et al. examined regional cerebral blood flow (rCBF) in 73 patients with aseptic meningoencephalitis due to TBE. rCBF scintigraphy with technetium-99m-hexamethyl propyleneamine oxime (HMPAO) was performed at week 6 with a 1-year follow-up after the onset of the disease. At week 6, 36 of 73 patients with TBE showed disturbed cerebral perfusion, with a significantly decreased rCBF in patients with encephalitis in comparison to patients with meningitis. The authors stated that the reduced rCBF did not appear to depend on the severity of disease in any group. After 1 year, there was no association between remaining symptoms and worsening of rCBF [36] 
Differential Diagnosis
Although MRI findings in TBE are similar to other diseases of the CNS, involvement of the thalami, basal ganglia, cerebellum, and the anterior horns of the spinal cord can suggest TBE in an appropriate clinical setting. Differential diagnosis of MRI changes should include toxic brain damage due to carbon monoxide, methanol, and cyanide poisoning, hypoxic ischemic encephalopathy, Creutzfeldt-Jakob disease, Leigh disease, Wilson disease, osmotic myelinolysis, Wernicke encephalopathy, neurodegeneration with brain iron accumulation, deep cerebral venous thrombosis, arterial occlusion, neuro-Behçet disease, other flavivirus infections (e.g. Japanese encephalitis, West Nile fever, and Murray Valley encephalitis), cerebral toxoplasmosis, primary CNS lymphoma, primary bilateral thalamic glioma, and neurofibromatosis type 1 [37] .
Conclusions
The diagnosis of TBE is based mostly on clinical symptoms and specific antibody tests, although imaging methods such as CT and MRI can play an important role in elucidating the pathological basis of symptoms. Many patients show long-lasting symptoms that often affect quality of life, despite successful treatment and absence of macroscopic changes on CT/MRI. Patients with TBE should be considered for advanced MRI techniques like spectroscopy using proton spectroscopic MRI. This technique can show abnormalities in typical areas that seen unaffected by any morphological changes, even after hospitalization.
